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(4) INTRODUCTION

Initial reports describing the subcellular localization of
BRCAl were highly controversial. BRCALl has been reported by
different groups to localize to the cytoplasm, to the nucleus, to
cytoplasmic tube-like invaginations in the nucleus, or to be
secreted. These reports preceeded experiments demonstrating
functional roles for BRCAl in DNA damage and transcription, each
of which would have suggested that BRCAl was likely to reside in
the nucleus. Indeed, the subsequent observation that BRCAl
compartmentalizes to nuclear foci during S phase and undergoes a
DNA damage-dependent dynamic redistribution served to focus
efforts on experiments designed to identify a nuclear role for
BRCAL.

In contrast to BRCAl, the properties and functions of the
exon ll-deleted isoforms of BRCAl are largely unknown. Previous
experiments suggesting that BRCA1-All is localized to the
cytoplasm were based on transient transfection protocols.
Transient transfection methods have also been used to suggest
that the murine counterpart to plloﬁm“'is localized predominantly
in the cytoplasm. However, the fact that similar approaches
indicated a cytoplasmic localization for p220°%*" suggests that
determining the localization of exon ll-deleted isoforms will
require examination of their endogenous expression patterns.
Inconclusive results have been obtained regarding the cellular
localization of pl10®%?!; biochemical fractionation of transiently
transfected cells has shown that pll0®¢*! is distributed equally
between nuclear and cytoplasmic fractions whereas
immunofluorescence analysis of the same ectopically expressed
protein was reported to yield exclusively cytoplasmic staining.
These reports appear to be at odds with studies of endogenous
BRCAl proteins that use BRCAl antibodies that recognize
determinants shared by full length BRCAl and its isoforms, since
these studies have generally failed to reveal the presence of
BRCAl proteins in the cytoplasm.

Notably, murine embryos bearing targeted mutations that
selectively abolish expression of full length Brcal, while
leaving Brcal-All expression intact, survive significantly longer
than mice bearing targeted mutations that abolish expression of
both Brcal and Brcal-All. This finding suggests that in mouse
cells Brcal-All is able to partially compensate for the functions
of full length Brcal. Despite the decreased severity of their
associated embryonic phenotype, embryonic cells derived from mice
engineered to express only Brcal-All exhibit hypersensitivity to
Y-irradiation, defective G2-M checkpoint function, centrosome
amplification, and genomic instability. Furthermore, mice
bearing mammary-specific deletions of exon 11 develop mammary
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adenocarcinomas with chromosomal instability. These data suggest
that while Brcal-All may partially compensate for Brcal function
during embryogenesis, this naturally occuring isoform lacks the
ability to maintain genomic stability and suppress tumorigenesis.

In this report we demonstrate by biochemical fractionation
and immunofluorescence that full length and exon ll-deleted
isoforms of murine Brcal are cell cycle regulated and
compartmentalize to nuclear foci during S phase. In contrast to
full length Brcal, we show that Brcal-D1l1l is not phosphorylated
in response to DNA damage, is deficient in its ability to bind to
Rad51, and is unable to promote the efficient formation of Rad5l
foci. Taken together, these data suggest that Brcal-All may
provide some of the functions of full length Brcal during murine
embryogenesis, but is unable to fully supplant the functions of
full length Brcal in the response to DNA damage.
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(5) BODY

SPECIFIC AIM 1. GENERATION OF A TRANSGENIC MOUSE THAT EXPRESSES
HUMAN BRCAl.

As described in the report submitted last year bitransgenic
animals carrying a transgene that consists of the cyclin E
promoter to direct expression of human Brcal were to be crossed
with a murine Brcal knockout line. Embryos derived from crosses
that would yield the presence of the transgene in a knockout
background were screened to determine if the expression of the
human Brcal protein had rescued the murine knockout embryos from
lethality. In spite of the presence of the human Brcal transgene
embryonic lethality occurred in a manner that was
indistinguishable from knockout embryos that lacked the presence
of the transgene. Immunoblot analysis of embryos harboring the
transgene as well as cells cultured from these embryos failed to
detect the presence of human Brcal protein.

SPECIFIC AIM 2. IDENTIFICATION OF GENES REGULATED BY MURINE BRCAl
EXPRESSION.

As described in the last year's annual report, mRNA derived from
wild-type and Brcal exon 11 deficient fibroblasts in the absence
and presence of y-irradiation was to be analyzed for differential
gene expression. Independent sample sets did not reveal
consistent patterns of gene expression within the same sample and
were we were unable to make comparisons between untreated and
treated wild-type and knockout samples. The discrepancies that
we encountered are likely to have been the result of variability
in the cell populations due to cellular senescence. In conclusion
we were unable to obtain additional samples in order to determine
the optimal conditions for this experiment. It is likely that
cell viability was affected during freezing and thawing of the
cells since we observed on numerous occasions significant cell
death upon thawing the knockout cell lines.

SPECIFIC AIM 3. CHARACTERIZATION OF BRCAl EXON 11-DEFICIENT
FIBROBLASTS.

Characterization of Mouse Brcal Antisera. Immunoblotting
analysis of HCll murine mammary epithelial cell extracts using
murine Brcal antibodies mAbl, mAb2, mAb3, and mAb4, identified a
specific band that migrated at a predicted molecular weight of
210 kDa and that was not recognized by preimmune sera (data not
shown). To confirm that these antibodies recognize bona fide
mouse Brcal, 293T cells were transfected with a mouse Brcal cDNA
and lysates were prepared for immunoblotting. These studies
revealed that polyclonal antibodies mAbl, mAb2, mAb3, and mAb4
each recognize a specific band at the predicted molecular weight
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for mouse Brcal in extracts of Brcal-transfected 293T cells.
(Fig. 1A and data not shown).

To determine if mAbl could specifically recognize endogenous
Brcal, extracts from wild-type mouse embryoc fibroblasts (MEFs)
and from MEFs derived from mice harboring a germline deletion of
the exon 11 region of Brcal were analyzed by immunoblotting.
Brcal--** MEFs express an isoform of Brcal analogous to the
naturally occurring human BRCAl variant encoding p97°%F*t.

Northern analysis was performed using a probe encompassing
nucleotides 4827-5354 that was predicted to recognize both the
full length and exon ll-deleted Brcal transcripts. As expected,
a 3.9 kB transcript was detected in Brcal®'!/*!! cells whereas a 7.2
kB transcript was detected in cells that express p210%° (Fig.1B,
left panel). A similar analysis performed with a probe
encompassing nucleotides 2541-3298 within exon 11 detected only
the full length Brcal transcript (Fig.1B, right panel).
Accordingly, immunoblotting of extracts prepared from wild type
MEFs revealed the presence of p210°°°®' whereas extracts prepared
from Brcal®!'/sl! MEFS did not, confirming that the 210 kDa
polypeptide recognized by mAbl is indeed Brcal (Fig. 1C). To
determine if the putative protein encoded by the exon ll-deleted
transcript is detectable in extracts derived from Brcal*''/*' MEFs
immunoblotting was performed. A major band of the predicted
molecular weight, referred to here as p92°°®', was recognized by
mAbl antisera (Fig. 1D). This Brcal isoform was also detected in
embryonic brain extracts prepared from embryos heterozygous for
the exon ll-deleted allele of Brcal, as well as in extracts of
testis and brain derived from wild type mice. These findings
demonstrate that p92%°®! is a naturally occurring isoform of Brcal
(Fig 1E).
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Figure 1. Detection of mouse Brcal isoforms. A) Immunoblot
analysis demonstrating that mAbl, mAbZ, and mAb4 recognize
murine Brcal. 10 pg of either empty vector (pBKCMV) or
pBKCMVBrcal (mAbl) and pcDNA3.1l or pcDNA3.l-mBrcal (mAbZ2 and
mAb4) was introduced into 293T cells by calcium phosphate
transfection. (-) indicates empty vector and (+) indicates
vector containing murine Brcal cDNA. Cell extracts were
prepared 48 hrs following transfection and 50 pg of lysate was
used for immunoblotting. Affinity purified antibodies were
employed at 1 pug/ml. B) Northern analysis demonstrating the
absence of full length Brcal transcripts in Brcaltt/sll MEFs.

10 pg of polyA mRNA was loaded per lane. Probes encompassing
exon ll-specific sequences (right panel and Materials and
Methods) and C-terminal sequences (left panel and Materials
and Methods) were derived by PCR amplification using the
mouse Brcal cDNA as a template. C) Immunoblot analysis of
p210%*°2! expression in wild-type and Brcal®''/s' MEFs. 50 pgrams
of cell extract per lane was probed with affinity purified
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mAbl at 1 pug/ml. D) mAbl recognizes a predominant gene
product of ~ 92 kDa in Brcal*''/*!! MEFs and 210 kDa in HC11l
cells. 30 pgrams of extract was loaded per lane. E) po2Breal
is expressed in testis and brain of wild-type mice. 150 ug of
lysate per sample was subjected to SDS-PAGE on an 8% gel.
All/+Brain indicates tissue derived from a mouse heterozygous
for the wild-type and exon ll-deleted alleles of Brcal.

Full length Murine p210°°°*! and p92°°*' are Cell Cycle Regulated.
Previous experiments have shown that murine Brcal mRNA expression
is regulated in a cell cycle-dependent manner with maximal levels
of Brcal occurring during S phase of the cell cycle [l]. Human
BRCAI mRNA and protein share this cell cycle-dependent pattern of
expression consistent with a conserved S phase-specific function
for the human and mouse Brcal proteins. To determine if the
protein expression pattern of Brcal parallels that of its mRNA,
synchronization experiments were performed using HCll murine
mammary epithelial cells. As shown in Fig. 2A, the mouse Brcal
protein, p210%@! is undetectable in serum starved cells and
becomes apparent when cells have progressed into the Gl phase of
the cell cycle approximately 8 hours following addition of serum
containing media. Parallel experiments performed on Brcal-V-*
fibroblasts demonstrated that the cell cycle-dependent expression
pattern of p92%°! closely mimics that of p210%°  Moreover, the
temporal profile of p92%*°®! and p210®**! expression is similar to
that of Rad51 and Cyclin A, but contrasts with that of Rad50
which is expressed at relatively constant levels throughout the
cell cycle.
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Figure 2. Mouse p2l and p9 are cell cycle regulated.

A) Immunoblot analysis of cell cycle regulation of p210Brecal,
Cyclin A, and Radb5l in serum-starved HCll cells. B)
Immunoblot analysis of cell cycle regulation of p92°°*,
Cyclin A, and Rad51 in serum-starved mouse embryonic
fibroblasts homozygous for the targeted deletion of exon 11.
Cells were starved as described in Materials and Methods.
Cells stimulated to reenter the cell cycle by refeeding were
harvested at the time points indicated. Active refers to
exponentially growing cells. Cell extracts were prepared as
described in Materials and Methods and 10 pg of lysate was
loaded per lane. Antibodies mAbl and mAb2 revealed identical
results in HC11l cells whereas only mAbl recognized a cell
cycle regulated band in Brcal*!/sl! MEFs (data not shown).

Phosphorylation of p92%°*! is not Detected in Response to DNA
Damage. The phosphorylation of human p22088!l following treatment
of cells with DNA damaging agents was an early indication that
human BRCAl is involved in a DNA damage response pathway.
Similarly, immunoblotting analysis of lysates generated from HCll
cells one hour following treatment with UV, y-radiation, or HU
revealed a dose-dependent shift in the migration of full length
murine Brcal by SDS-PAGE (Fig. 3A, top panel). A complete shift
of p210%° similar to that described for human BRCAl occurred in
cells treated with 50 Gy.

32p-orthophosphate labeling of HCll cells following
treatment with 5 Gy demonstrated an increase in p210°7°@ labeling
consistent with the supposition that, similar to human BRCAl, the
observed mobility shift is due to phosphorylation (Fig. 3B, top
panel). Exposure of cells to 3?P-orthophosphate has previously
been shown to cause an increase in phosphorylation of human
BRCA1l. Therefore, the basal levels of phosphorylation observed
in unirradiated HC1ll cells may be due either to the activation of
a DNA damage response pathway by 32P itself, or to cell cycle-
dependent phosphorylation of Brcal. Significantly, a shift in
p92%@! was not observed in response to identical treatments with
DNA damaging agents suggesting that this isoform may not be
phosphorylated under these conditions (Fig 3A, bottom panel).
This possibility was confirmed by 32P-orthophosphate labeling
experiments in which increased phosphorylation of p92’3me11 was not
detected following treatment of cells with 20-50 Gy (Fig 3B,
bottom panel and data not shown).

Since the inability to detect a change in the
phosphorylation status of p928*@! following DNA damage could be
due to altered kinase signaling in Brcal®'l/sll fiproblasts rather
than to properties specific to p92%"®!, a p92®***! expression vector
was transiently transfected into HC1ll cells to determine whether
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a shift in p92%°! could be detected. Although a shift in
p210P°?! was detected in response to treatment with DNA damaging
agents, a shift in p92%°! in the same cells was not detected
(Fig. 3C). These findings suggest that the inability to detect
p92 phosphorylation in Brcal®'/s!! fiproblasts in response to DNA
damage is likely to be intrinsic to this exon ll-deleted isoform.
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Figure 3. p210°°*! but not p92°°°*' undergoes a shift in
response to DNA damage. A) Immunoblot analysis of p2l
and p928*©®' in cells treated with UV, y-irradiation, or HU.
p210P ! exhibits a dose-dependent shift in response to UV
and gamma irradiation. HC1ll cells (top panel) or MEFs that
express only p92°'°®' (botton panel) were subject to identical
treatments with UV, y- irradiation, or HU. 20 pug of lysate
was loaded per lane and immunoblotted with antibody mBl. B)

Analysis of p210%"°®! phosphorylation in 32p-orthophosphate
labeled HCll cells treated with y-irradiation (upper panel).
Immediately following irradiation, HCll cells were incubated

with 5 mCi of 32P—orthophosphate for 1 hr. 3 mg of cell
extract was used for immunoprecipitation with 10 pl of the
IgG fraction of mBl antibody. The resolution of this assay
was not sufficient to detect a mobility shift of
phosphorylated products. Identical treatment of Brca
MEFs irradiated with 20 Gy (lower panel). C) Immunoblot
analysis of p210%° and p92®°®! in HC1ll cells treated with
200 J m™2 UV. p210%°! and not p92 ®**! exhibits a dose-
dependent shift.

OBrcal

lAll/All

Murine p210%°!' and p92Brcal Localize to Nuclear Foci. In order
to determine if the lack of phosphorylation of p92Brcal is due to
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aberrant subcellular localization, biochemical fractionation of
exponentially growing Brcal®''/s!! fibroblasts was performed and
nuclear and cytoplasmic fractions were analyzed by immunoblot
analysis. To confirm the purity of these fractions, blots were
probed with antisera specific for either _-tubulin or RADS0 as
controls for cytoplasmic and nuclear proteins, respectively.
Surprisingly, these studies revealed that p92Brcal was present in
the nuclear fraction (Fig 4A). In order to confirm these results
and to establish the subnuclear localization of p2l10Brcal and
p92Brcal, immunofluorescence analysis (IF) was performed (Fig.
4C) since localization to nuclear foci during S phase is a
cardinal feature of human BRCAl. Four independent antisera
(mAbl-mAb4) raised against murine Brcal revealed that p210Brcal
localizes to nuclear foci during S phase in both mammary
epithelial cell and WT MEFs. Strikingly, when similar
experiments were performed on fibroblasts using antisera
directed against epitopes outside of exon 11, distinct nuclear
foci were observed that were indistinguishable from those
observed in HC1ll mammary epithelial cells and wild type MEFs
(Fig. 4C). Since Brcal®'l/s! MEFs do not express p210°°°®!, we
reasoned that any specific signal would be due to p92Breal,
Consistent with this supposition, nuclear foci were not detected
following IF using the exon ll-specific antisera mAb2 and mAb3.
Notably, no signal was observed in the cytoplasm of HC1l1l, WT
MEFs, or Brcal®?!/*!! MEFs using any of the above antisera.
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Figure 4. Localization of p210°°°*' and p92°°°*' to nuclear foci.
A) Western analysis of biochemical fractionation of Brcal®''/s!!
MEFs. Equal volumes of nuclear and cytoplasmic extract were
loaded per lane. Antibodies were used as described in
Materials and Methods. B) Schematic of murine Brcal cDNA
indicating regions against which antisera were raised.
Numbers above the lines represent amino acid coordinates. C)
Immunofluorescence analysis of Brcal subcellular
localization. HC11 cells, wild-type MEFs, and Brcal*''/*!! MEFs
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were grown on microscope slides as described in Materials and
Methods. Following permeabilization, S phase cells were
incubated with affinity purified Brcal antibodies at a

concentration of 1 pg/ml.

Association of Rad51 with p92°°®! and Rad51 focus formation are
compromised in Brcalt''/*'! cells. The exon 11 region of human
BRCAl protein has been shown to be required for binding to RADS1.
This observation suggested the possibility that p92°°®' may not
associate with Rad51 in Brcal®'!/s!! cells. To address this
question, p92%*°®' was immunoprecipitated from extracts of
Brcal?''/s!l MEFs and analyzed by Western blotting with Rad51.
Immunoblotting analysis revealed that Rad51 was detected in
extracts derived from HC1l1l cells in which mAbl, mAb3, or mAb4 had
been used to immunoprecipitate p210®*°*' (Fig. 5). In contrast,
Rad51 was not detected in extracts derived from Brcal®''/s'' MEFs
that had been subjected to immunoprecipitation with the same
anti-Brcal antisera. 1In reciprocal coimmunoprecipitation
experiments, p210%"°®! was detected in HCl1l extracts
immunoprecipitated with Rad5l antisera. However, it was not
possible to determine if p92°*°*! was present in Rad51
immunoprecipitates due to the presence of a cross-reacting band
that comigrated with p92°*°®' (data not shown).
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Figure 5. Rad5l1 association with p92®°°*! is not detected in
Brcal®''/*!' MEFs. Top panel. Extracts generated from cycling
HC11l and Brcal®'/s! MEFs were prepared as described in
Materials and Methods. 1 mg of extract was used per sample
for immunoprecipitation with 2 pg of antibody. mAbl and mAb3
were affinity purified. Radbl antibody Ab-1 was used at
1:1000 for Western analysis. The cross-reacting faint band
observed with mAb3 in Brcal?'/2 MEFs does not comigrate with
Radbl. Bottom panel. 7 mg of extract was used to detect
association of p210%°* with Rad51. One quarter of extract
immunoprecipitated with Rad51 Ab-1 is represented in lane 1.
Immunoprecipitation of p92%° from Brcal®'!/s' MEFs with
affinity purified mAb4 does not reveal detectable Rad5l
protein.

Rad51 has been shown to localize to subnuclear foci following

treatment of cells with agents that induce double-stranded
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breaks. The apparent lack of association of p92Beel with Rad51
prompted us to examine Rad51 focus formation in WT and Brcal®'/s!
MEFs. At 1, 3 and 6 hrs following irradiation with 10 Gy, Radb5l
focus formation was assessed in cycling WT and Brcal?''/*'! MEFs by
IF (Fig. 6). At 1 hr an average of 25 Rad5l foci were detected
in WT cells treated with 10 Gy, whereas an average of only 6 foci
per cell were detected following similar treatment in Brcal®''/s!!
cells (Fig. 6B). In order to determine if Rad5l foci formation
in B Brcal®''/s'! MEFs was simply delayed rather than deficient,
foci were also assessed 3 and 6 hrs following irradiation. The
number of Rad51 foci in WT cells increased to 44 and 40 per cell
at 3 and 6 hrs post-irradiation respectively, whereas Brcal®'/s!
MEFs averaged only 8 and 7 foci, respectively, at these same time
points. Furthermore, impaired Rad5l formation was not due to
decreased levels of Rad5l in Brcal®'/*'! MEFs as demonstrated by
Western analysis of extracts from cells that had been treated in
an identical manner as for immunofluorescence (Fig. 6C).

Notably, the absence of p2108rca! does not affect the previously
demonstrated S phase-dependent expression of Rad5l, suggesting
that the inability to form foci is not due to aberrant cell cycle
expression of Rad51 in Brcal®''/*'! cells (Fig. 2B). As a control,
the number of Brcal foci was determined in WT and Brcal®''/*'!MEFs.
This analysis revealed no significant differences in the numbers
of Brcal foci present in WT vs. Brcal®!!/s’! MEFs at 1, 3, or 6 hrs
following irradiation with 10 Gy (Fig. 7A and B). In aggregate,
these data suggest that p92®°®' has a diminished ability to
associate with Rad51, and that Rad51 focus formation is impaired
in Brcal®'!/s'! MEFs.
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Figure 6. Impaired Rad51 foci formation in Brcal®''/s'! MEFs.
A) Representative Rad51 immunostained nuclei from WT and
Brcal?l/sll MEFs three hours following irradiation with 10 Gy.
Cells were prepared for immunofluorescence usaing Rad5l
antibody Ab-1 as described in Materials and Methods. Foci
counts were obtained by visual inspection of 50 nuclei. B)
Graph depicting numbers of foci per nucleus following
irradiation with 10 Gy at 1 hr (p value = 9.1E-17) 3 hrs. (p
value = 8.3E-51), and 6 hrs (p value = 1.5E-25). C) Rad5l
levels do not change in response to irradiation in WT and
Brcal?t/s!! MEFs. At the time points indicated following
irradiation with 10 Gy, extracts were prepared at and
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analyzed by immunoblotting as described in Materials and
Methods.
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Figure 7. Brcal Foci are present in irradiated Brcal®'/sM
MEFs. A) Representative nuclei immunostained with mAbl.
Cells were prepared for immunofluorescence as described in
Materials and Methods. Foci counts were obtained by visual
inspection of 10-15 nuclei. B) Graph depicting numbers of
foci per nucleus following irradiation with 10 Gy at 1 hr (p
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value = 0.54 ) 3 hrs. (p value = 0.55), and 6 hrs (p value =
0.24 ).
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(8) Conclusions

While human BRCA1l has been extensively characterized, little is
currently known about its murine counterpart. In fact, the mouse
Brcal protein shares only 58% sequence identity to human BRCAL, a
finding that has contributed to the suggestion that these
proteins may have different functions(Z, 3]. In this report we
characterize mouse Brcal protein and demonstrate that multiple
features of the regulation, localization, and interactions of the
mouse and human Brcal proteins are conserved. Similar to its
human ortholog, mouse Brcal is cell cycle regulated and localizes
to nuclear foci during S phase. In addition, mouse Brcal is
phosphorylated in a dose-dependent manner in response to
genotoxic agents suggesting that a similar kinase(s) exists in
human and murine cells that is upstream of Brcal in a DNA damage
response pathway. Like human BRCAl, murine Brcal also forms a
complex with Rad51 consistent with experiments demonstrating that
mouse Brcal functions in the repair of double-stranded breaks by
homologous recombination[4]. In aggregate, these data further
validate the use of mouse models to study BRCAl function in human
cells.

We have analyzed the expression of a naturally occurring
Brcal isoform in fibroblasts derived from mouse embryos in which
the exon 11 region of Brcal has been specifically deleted.
Strikingly, we have found that p92°*®! is localized to nuclear
foci. This finding is consistent with our biochemical
fractionation studies revealing that endogenous p92°*°®' is present
in the nucleus, as well as with previous findings in human cells
that anti-BRCAl antibodies do not appear to detect cytoplasmic
BRCA1 staining, despite the fact that p97%' and pl10®°*" would
otherwise be expected to be found in the cytoplasm. Our finding
that exon ll-deleted isoforms of Brcal are also present in the
nucleus raises for the first time the possibility that this
isoform may partially compensate for mutations affecting Brcal,
and may possess additional nuclear functions that are as of yet
unrecognized.

Notably, our findings contrast with the cytoplasmic
localization previously reported for human p97%“*' and pl10®,
each of which lack the nuclear localization sequences reportedly
required for nuclear transport of p220mmmi5]. Nevertheless, the
reported partial nuclear localization of human pl10%*' suggests
that sequences other than the canonical BRCAI nuclear
localization sequences can be utilized for transport into the
nucleus, or that exon ll-deleted isoforms of BRCAl can be
transported to the nucleus via binding to other nuclear
proteins[6-8]. Such cryptic nuclear localization sequences may
also be responsible for the nuclear localization of p92Breatl,
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Alternatively, the difference in localization between the mouse
and human isoforms may be due to either cell type-specific
differences, species-specific differences, or the nature of the
assays employed for these studies. We favor the latter
hypothesis. Whereas studies in human cells determined the
subcellular localization of exogenously expressed p97*“! and
pl10®°! ysing transient transfection assays, we have determined
the localization of the endogenous Brcal proteins. In this
regard, previous reports have shown that the high levels of
expression characteristic of transient transfection experiments
may lead to mislocalization of BRCAl to the cytoplasm[9].
Nevertheless, we cannot rule out the possibility that p92°*°®! may
localize to the cytoplasm in cell types other than those examined
here, or that human and mouse exon ll-deleted isoforms may
localize differently.

Significantly, p210%°! displays a mobility shift indicative
of phosphorylation in response to DNA damage, whereas p92%°®' does
not. Consistent with this, *?P-labeling experiments failed to
reveal a significant increase in phosphate incorporation in
p928re! in response to y-irradiation suggesting that the inability
to detect a shift is not due to a conformation of p92°*°®' that
precludes altered mobility by SDS-PAGE. Diminished
phosphorylation is also not due to defects in the activities of
kinases that converge on Brcal since a DNA damage-induced
mobility shift in p92%°®! is not detected in HCll cells in which
p210% @ does undergo a shift. Several kinases involved in cell
cycle checkpoint control including ATM, Cdsl, and ATR have been
demonstrated to phosphorylate human BRCAl in vivo in response to
DNA damaging agents[10-13]. The observation that a putative Cdsl
phosphorylation site present in mouse Brcal is located within
exon 11 suggests that p92°'°®' may not be a target of Cdsl.
Moreover, a shift in the mobility of Cdsl protein by SDS-PAGE,
which has been shown to correlate with kinase activation, occurs
in both WT MEFs and Brcal®!'/2!' MEFs following irradiation
suggesting that the absence of p92°"°® phosphorylation is not the
result of an inactive Cdsl kinase [14-16]. In addition to an
impaired response to y-irradiation we were not able to detect a
shift in p92P*™?! in response to HU or UV. Putative
phosphorylation sites for ATR and ATM are present within exon 11
of Brcal and may explain, in part, the inability to detect
phosphorylation of p92°°®*. Alternatively, ATM or ATR
phosphorylation of Brcal in response to DNA damage could be
dependent on initial phosphorylation of serine 988 by Cdsl or the
exon 11 region of Brcal may be required for binding to these
kinases which may in turn be required for Brcal phosphorylation.

Our inability to detect a stable association between p92°7°?!
and Rad51 in Brcal®''/s! MEFs is consistent with results
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demonstrating that RADS51 binds to the exon 11 region of human
BRCA1[17]. We now provide evidence that this interaction may be
required for the efficient formation of Rad5l1 foci in response to
y-irradiation, a finding that is consistent with evidence that
Rad51 foci are reduced in embryonic stem cells harboring a
similar Brcal mutation([18]. These data suggest that the inability
to localize Radbl may compromise the capacity of these cells to
repair double-stranded breaks, thereby contributing to the
defective G2/M checkpoint observed in response to ionizing

radiation in these cells[19]. In human cells, the relocalization
of RAD51 foci to sites of DNA damage has been shown to follow the
formation of BRCAl foci[20]. Our results suggest that in spite

of the presence of p92%° foci in Brcal®!'/s!! MEFs, Rad51 focus
formation is impaired suggesting that the exon 11 region is
required for proper recruitment of Rad51. Nevertheless, while we
have confirmed the previously reported association between
p210%*°®! and Rad51 this interaction is non-stoichiometric and
requires a substantial amount of extract to visualize. This is
consistent with the observation that the interaction of human
BRCAl with RAD51 is indirect. 1In this regard, the demonstration
that BRG-1, a component of the SWI/SNF complex, interacts
directly with human BRCAl through the exon 11 region is
intriguing in that it suggests a model in which the chromatin-
remodeling function of BRCAl may be associated with its ability
to mediate the proper assembly of RADS51([21].

Despite the shared properties of p210%*°®! and p9 , which
suggest that exon ll-deleted isoforms may have nuclear functions,
mouse knockout models clearly indicate that significant
functional differences exist between full length and exon 11-
deleted isoforms of Brcal. Foremost, mice engineered to express
only p928 ' are not viable, and embryonic cells derived from
these mice demonstrate hypersensitivity to y-irradiation,
defective G2Z2-M checkpoint function, centrosome amplification, and
genomic instability[19, 22, 23]. Moreover, cre-mediated excision
of exon 11 of Brcal in epithelial cells of the murine mammary
gland leads to abnormal ductal morphogenesis and tumor
formation([24]. These experiments demonstrate that the exon 11
region is critical for normal Brcal function. In this context,
our data suggest that the inability of p92®“®'to provide G2-M
checkpoint function, maintain genomic stability, and suppress
tumorigenesis is not due to an inability of p92B*“®! to be
transported to the nucleus, to localize to nuclear foci, or to be
cell cycle regulated, but rather may be related to the inability
of p928°! to associate with Rad51 or other proteins such as BRG-1
and Rad50[25]. As such, our data suggesting that p92%*°@! is not
phosphorylated in response to DNA damage imply that the signal
transduction pathways activated by the replication checkpoint and

2Brcal
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by lesions caused by UV-irradiation do not converge on the p92Breal
protein. Accordingly, deletion of exon 11 of BRCAl appears to
impair its DNA damage-dependent phosphorylation, which may in
turn affect the localization to nuclear foci or function of
BRCAl-interacting proteins such as BARD1l, BRCAZ, or the
RAD50/MRE11/NBS complex.

The naturally occurring expression of p92°*°*' during murine
embrogenesis and in adult tissues suggests that exon ll-deleted
isoforms may function in a variety of tissues. Moreover, in
spite of a defect in y-irradiation-induced Rad51 focus formation
in cells lacking full length Brcal, analysis of Brcal®'/* embryos
suggests that p92°°®' partially compensates for the lack of full
length Brcal during murine embryogenesis. The most striking
evidence for this conclusion is the postnatal survival of
targeted mouse lines in which only the p928*@l protein is
predicted to be expressed[26]. Presumably this is due to
interactions outside of the exon 11 region. In this regard,
several proteins including BARD1, CtIP, and BAP, have been shown
to interact with human BRCA1l through the amino and carboxyl
terminal regions of the protein[27-30]. 1In addition to these
functions, however, it is interesting to speculate that p92Breal
may also have functions that are distinct from those of p210Beat,
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Both human and mouse cells express an alternatively spliced variant of BRCA1, BRCAI1-A11, which lacks
exon 11 in its entirety, including putative nuclear localization signals. Consistent with this, BRCA1-A11 has
been reported to reside in the cytoplasm, a localization that would ostensibly preclude it from playing a role
in the nuclear processes in which its full-length counterpart has been implicated. Nevertheless, the finding that
murine embryos bearing homezygous deletions of exon 11 survive longer than embryos that are homozygous
for Brcal null alleles suggests that exon 11-deleted isoforms may perform at least some of the functions of
Brcal. We have analyzed both the full-length and the exon 11-deleted isoforms of the murine Brcal protein.
Our results demonstrate that full-length murine Brcal is identical to human BRCAL1 with respect to its cell
cycle regulation, DNA damage-induced phosphorylation, nuclear localization, and association with Rad5l1.
Surprisingly, we show that endogenous Breal-All localizes to discrete nuclear foci indistinguishable from
those found in wild-type cells, despite the fact that Brecal-All lacks previously defined nuclear localization
signals. However, we further show that DNA damage-induced phosphorylation of Brcal-All is significantly
reduced compared to full-length Breal, and that gamma irradiation-induced Rad51 focus formation is im-
paired in cells in which only Brcal-A11 is expressed. Our results suggest that the increased viability of embryos
bearing homozygous deletions of exon 11 may be due to expression of Brcal-All and suggest an explanation

for the genomic instability that accompanies the loss of full-length Brcal.

Germ line mutations in BRCAI predispose women to early-
onset breast and ovarian cancers (18, 38). The BRCAI gene is
composed of 23 exons that encode a 1,863-amino-acid full-
length protein, over half of which is encoded by an unusually
large exon, exon 11, which is 3.4 kb in length. In addition to the
full-length BRCAL1 protein, p220°%“*", human cells contain
alternatively spliced variants referred to as BRCA1-Al11 (re-
ferred to here as p97°R“*") and BRCA1-Allb (referred to
here as p110PRA1), which lack all and most of exon 11, re-
spectively (54, 58). These isoforms arise from in-frame splicing
events and retain the highly conserved amino-terminal RING
finger and carboxyl-terminal BRCT domains found in full-
length BRCAL1 but lack the nuclear localization signals previ-
ously identified in exon 11 (11, 54, 58). The abundant expres-
sion of p972RCA! and p110®"“4! has been demonstrated in a
variety of adult tissues, including the human mammary gland,
in which transcripts encoding p110®R“A" are expressed at lev-
els comparable to those encoding p220°R“A! (33, 54, 58).

The observation that human BRCAL is phosphorylated in
response to UV light, ionizing radiation, and other agents that
damage DNA, and the identification of BRCAl-interacting
proteins such as RAD51 and RAD50-Mrell-p95 complexes
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19104-6160. Phone: (215) 898-1321. Fax: (215) 573-6725. E-mail:
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that colocalize with BRCAT1 following DNA damage have sug-
gested a role for BRCA1 in DNA repair (49, 55, 56). Subse-
quent experiments have confirmed this suggestion by demon-
strating that human and mouse Brcal are required for the
repair of double-stranded DNA breaks (37, 51). BRCAI has
also been implicated in transcriptional regulation through the
ability of its carboxyl-terminal domain to stimulate transcrip-
tion in a variety of functional assays as well as by virtue of its
demonstrated interaction with the nuclear proteins p53, pRB,
CtIP, CBP/p300, ATF1, and RNA polymerase II holoenzyme
complexes (2, 3, 10, 22, 26, 30, 35, 39, 40, 45-47, 63-65). In
addition, the recent finding that BRCAL is a component of a
SWI/SNF-related complex suggests that BRCA1 may play a
role in coordinating processes such as repair and transcription
through the remodeling of chromatin (7).

Initial reports describing the subcellular localization of
BRCAL1 were highly controversial. BRCA1 has been reported
by different groups to localize to the cytoplasm, to the nucleus,
to cytoplasmic tube-like invaginations in the nucleus, or to be
secreted (14, 28, 50; E. Coene, P. Van Oostveldt, K. Willems,
J. van Emmelo, and C. R. De Potter, Letter, Nat. Genet.
16:122-124, 1997). These reports preceded experiments dem-
onstrating functional roles for BRCA1 in DNA damage and
transcription, each of which would have suggested that BRCA1
was likely to reside in the nucleus. Indeed, the subsequent
observation that BRCA1 compartmentalizes to nuclear foci
during S phase and undergoes a DNA damage-dependent dy-




4006 HUBER ET AL.

namic redistribution served to focus efforts on experiments
designed to identify a nuclear role for BRCAI (48).

In contrast to BRCAL, the propertics and functions of the
exon 11-deleted isoforms of BRCA] arc largely unknown. Pre-
vious experiments suggesting that BRCA1-A11 is localized to
the cytoplasm were based on transient transfection protocols
(54). Transient transfection methods have also been used to
suggest that the murine counterpart to p110%RA! is localized
predominantly in the cytoplasm (4). However, the fact that
similar approaches indicated a cytoplasmic localization for
p220"RCA! suggests that determining the localization of exon
11-deleted isoforms will require examination of their endoge-
nous expression patterns (58). Inconclusive results have been
obtained regarding the cellular localization of p110BRCAL b
chemical fractionation of transiently transfected cells has
shown that p110®®“*! s distributed equally between nuclear
and cytoplasmic fractions, whereas immunofluorescence anal-
ysis of the same ectopically expressed protein was reported to
yield exclusively cytoplasmic staining (58). These reports ap-
pear to be at odds with studies of endogenous BRCA1 proteins
that use BRCA1 antibodies that recognize detcrminants
shared by full-length BRCAI and its isoforms, since thesc
studies have generally failed to reveal the presence of BRCAI
proteins in the cytoplasm (50).

Notably, murine embryos bearing targeted mutations that
selectively abolish expression of full-length Breal, while leav-
ing Brcal-All expression intact, survive significantly longer
than mice bearing targeted mutations that abolish expression
of both Breal and Breal-Al1 (18, 20, 23, 31, 32, 52, 61). This
finding suggests that in mouse cells Brcal-Al1 is able to par-
tially compensate for the functions of full-length Breal. De-
spite the decreased severity of their associated embryonic phe-
notype, embryonic cells derived from mice engincered to
express only Brcal-Al11 exhibit hypersensitivity to gamma irra-
diation, defective G,-M checkpoint function, centrosome am-
plification, and genomic instability (20, 52, 61). Furthermore,
mice bearing mammary-specific deletions of exon 11 develop
mammary adenocarcinomas with chromosomal instability (60).
These data suggest that while Breal-All may partially com-
pensate for Brcal function during embryogenesis, this natu-
rally occurring isoform lacks the ability to maintain genomic
stability and suppress tumorigenesis.

In this report, we demonstrate by biochemical fractionation
and immunofluorescence that full-length and exon 11-deleted
isoforms of murine Brcal are cell cycle regulated and com-
partmentalize to nuclear foci during S phase. We show that in
contrast to full-length Brcal, Brcal-Al1 is not phosphorylated
in response to DNA damage, is deficient in its ability to bind to
Rad51, and is unable to promote the efficient formation of
Rads51 foci. Taken together, these data suggest that Brcal-All
may provide some of the functions of full-length Breal during
murine embryogenesis but is unable to fully supplant the func-
tions of full-length Breal in the response to DNA damage.

MATERIALS AND METHODS

Generation of antisera. Regions encompassing amino acids 69 to 278 (mAbl),
809 10 1062 (mAb2), 995 1o 1244 (mAb3). and 1363 to 1609 (mAb4) of the
murine Breal cDNA were subcloned into pGEX-6P-1 (Pharmacia). Lysates from
Escherichia coli transformed with these constructs were passed over a glutathi-
one-Sepharose column. and recombinant Breal protein was cleaved from the
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glutathione S-transferase polypeptide with PreScission Protease according to the
manufacturer’s instructions (Pharmacia). Antisera to purified Breal polypep-
tides were raised in rabbits (Cocalico Biologicals) and were affinity purified
according to published methods (24).

Cell culture, synchronization, and fractionation. HC11 cells were grown in
RPMI medium containing 107 bovine calf serum. 5 pg of insulin (Sigma) per ml,
10 ng of epidermal growth factor (Sigma) per ml. 2 mM r-glutamine, 100 U of
penicillin per ml, and 100 pg of streptomycin per ml. Mouse embryo fibroblasts
(MEFs) were grown in Dulbeceo modified Eagle medium containing 15 fetal
bovine serum supplemented with 2 mM L-glutamine. 100 U of penicillin per ml,
and 100 pg of streptomycin per ml. 293T cells were grown in Dulbecco modified
Eagle medium containing 1057 bovine calf serum supplemented with 2 mM
t-glutamine, 100 U of penicillin per ml. and 100 pg of streptomyein per ml. 293T
transfections employed the calcium phosphate method. HC11 cells were trans-
fected using Fugene-6 (Roche Molecular Biochemicals). HC11 cells and fibro-
blasts were serum starved at 7507 confluency and refed with regular growth
media 48 b later. Cellular fractionation was performed according to the manu-
facturer’s instructions with the NE-PER kit (Pierce).

Northern analysis, immunoblotting, and immunoprecipitation. Northern hy-
bridization was performed as described previously using PCR-gencrated probes
encompassing nucleotides 2541 to 3298 within exon 11 and nucleotides 4827 to
5354 within the carboxyl terminus of Breal (43). Cell lysates for immunoblotting
were prepared in 50 mM Tris (pH 8.0), 120 mM NaCl. and 0.03¢ Nonidet P-40
with 100 pg of Pefabloc (Bochringer Mannheim Biochemicals) per ml, 20 pg of
aprotinin per ml, 10 g of leupeptin per ml. 0.1 mM B-glvcerophosphate. 50 mM
NaF, and 1 mM sodium orthovanadate. Samples were loaded onto sodium
dodecyl sulfate-7% polyacrylamide gel electrophoresis (SDS-77 PAGE) gels
with the exception of experiments designed to detect changes in the mobility of
Breal, for which 5 or 67 gels were run for extended periods. Wet transfer to
nitrocellulose was performed overnight in a buffer containing 192 mM glycine, 25
mM Tris base, and 20% methanol. Membranes were blocked for 1 h in phos-
phate-buffered saline containing 5% nonfat dricd milk and 0.5 Nonidet P-40.
RADST Ab-1 (Calbiochem), RADS0 Clone 13 (Transduction Laboratories). and
cyclin' A H-432 (Sunta Cruz Biotechnology) antibodies were cach used at a
1:1.000 dilution in a blocking buffer for 1 h. B-Tubulin antibody N-357 (Amer-
sham) was used at a 1:40.000 dilution. A peroxidase-conjugated goat anti-rabbit
immunoglobulin G secondary antibody H+L (Jackson Immunorescarch) was
used at a 1:3.000 dilution. Immunoprecipitations were performed for 1 h at 4°C.
Rad31 antibodics Ab-1 (Oncogene Research) and 1-20 and C-20 (Santa Cruz
Biotechnology) and affinity-purified Breal antibodies were cmployed at 2 pe/ml.
Immune complexes were precipitated with 20 pl of protein A Sepharose and
were washed five times with fysis buffer prior to the addition of 1% Laemmbi
sample buffer,

Treatment with DNA-damaging agents and orthophosphate labeling. Gamma
irradiation was administered using a CIS bio international (IBL. 437¢) source.
UV doses were administered using a Stratalinker (Stratagene). Hydroxyurea
(HU: Sigma) was used at a final concentration of 1 mM. Cells were lysed 1 h
following treatment with genotoxic agents. For in vivo labeling experiments,
gamma-irradiated cells were incubated with 5 mCi of [**Pjorthophosphate in
serum-free medium immediately following dosing for 1 h prior to lysis and
immunoprecipitation.

Immunofluorescence analysis. Cells were fised and permeabilized according
to published protocols (48). Affinity-purificd Brcal antisera were used at a
concentration of 2 pg/ml. RADS1 (Ab-1) antisera were used at a 1:1.000 dilution.
Tetramethyl rhodamine isothiocyanate-conjugated secondary antibody (Jackson
Immunoresearch) was used at a dilution of 1:250. All images were obtained by
laser scanning confocal microscopy,

RESULTS

Characterization of mouse Brcal antisera. Immunoblotting
analysis of HC11 murine mammary epithelial cell extracts us-
ing murine Breal antibodics mAbl, mAb2, mAb3, and mAb4
identified a specific band that migrated at a predicted molec-
ular mass of 210 kDa and that was not recognized by preim-
mune sera (data not shown). To confirm that these antibodies
recognize bona fide mouse Breal, 293T cells were transfected
with a mouse Brcal ¢cDNA and lysates were prepared for
immunoblotting. These studics revealed that polyclonal anti-
bodics mAbl, mAb2, mAb3, and mAb4 each recognize a spe-
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FIG. 1. Detection of mouse Brcal isoforms. (A) Immunoblot analysis demonstrating that mAbl, mAb2, and mAb4 recognize murine Brcal.
Ten micrograms of either empty vector (pBKCMV) or pBKCMVBrcal (mAbl) and pcDNA3.1 or pcDNA3.1-mBrcal (mAb2 and mAb4) was
introduced into 293T cells by calcium phosphate transfection. (—), empty vector; +, vector containing murine Brcal cDNA. Cell extracts were
prepared 48 h following transfection, and 50 g of lysate was used for immunoblotting. Affinity-purified antibodies were employed at 1 pg/ml. (B)
Northern analysis demonstrating the absence of full-length Breal transcripts in Brcal%'4'* MEFs. Ten micrograms of poly(A) mRNA was loaded
per lane. Probes encompassing exon 11-specific sequences (right panel; see Materials and Methods) and C-terminal sequences (left panel; see
Materials and Methods) were derived by PCR amplification using the mouse Brcal ¢DNA as a template. (C) Immunoblot analysis of p2108<#!
expression in wild-type and Breal®'V/A'! MEFs. Fifty micrograms of cell extract per lane was probed with affinity-purified mAb1 at 1 pg/ml. (D)
mAb]1 recognizes a predominant gene product of ~92 kDa in Brcal*'¥2!! MEFs and 210 kDa in HC11 cells. Thirty micrograms of extract was
loaded per lane. (E) p92B*! is expressed in testis and brain of wild-type mice. One hundred fifty micrograms of lysate per sample was subjected
to SDS-PAGE on an 8% acrylamide gel. A11/+Brain, tissue derived from a mouse heterozygous for the wild-type and exon 11-deleted alleles of

Breal.

cific band at the predicted molecular mass for mouse Breal in ognized by mAb1 is indeed Brcal (Fig. 1C). To determine if
extracts of Brcal-transfected 293T cells. (Fig. 1A and data not the putative protein encoded by the exon 11-deleted transcript
shown). is detectable in extracts derived from Brcal*'VA'* MEFs im-
To determine if mAb1 could specifically recognize endoge- munoblotting was performed. A major band of the predicted
nous Brcal, extracts from wild-type MEFs and from MEFs molecular mass, referred to here as p925 !, was recognized by
derived from mice harboring a germ line deletion of the exon mADbI1 antisera (Fig. 1D). This Brcal isoform was also detected
11 region of Brcal were analyzed by immunoblotting (52). in embryonic brain extracts prepared from embryos heterozy-
Breal*'V211 MEFs express an isoform of Brcal analogous to  gous for the exon 11-deleted allele of Brcal, as well as in
the naturally occurring human BRCAI1 variant encoding extracts of testis and brain derived from wild-type mice. These
p97BREA! Northern analysis was performed using a probe  findings demonstrate that p92%™*! is a naturally occurring iso-
encompassing nucleotides 4827 to 5354 that was predicted to form of Breal (Fig. 1E).
recognize both the full-length and exon 11-deleted Breal tran- Full-length murine p210%*! and p92®*! are cell cycle
scripts. As expected, a 3.9-kb transcript was detected in regulated. Previous experiments have shown that murine Brcal
Breal®'VA'! cells whereas a 7.2-kb transcript was detected in ~ mRNA expression is regulated in a cell cycle-dependent man-
cells that express p210%™2! (Fig. 1B, left panel). A similar ner with maximal levels of Brcal occurring during the S phase
analysis performed with a probe encompassing nucleotides of the cell cycle (43). Human BRCAI mRNA and protein share
2541 to 3298 within exon 11 detected only the full-length Breal this cell cycle-dependent pattern of expression consistent with
transcript (Fig. 1B, right panel). Accordingly, immunoblotting a conserved S phase-specific function for the human and
of extracts prepared from wild-type MEFs revealed the pres- mouse Brcal proteins (13, 21, 44, 57). To determine if the
ence of p210%7*! whereas extracts prepared from Brcal®'*!!  protein expression pattern of Brcal parallels that of its mRNA,
MEFs did not, confirming that the 210-kDa polypeptide rec- synchronization experiments were performed using HC11 mu-
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FIG. 2. Mouse p210™*" and p92"* are cell cycle regulated. (A) Immunoblot analysis of cell cycle regulation of p210°™* cyclin A, and Rad51
in serum-starved HC11 cells. Active. exponentially growing cells. (B) Immunoblot analysis of cell cycle regulation of p92"*! cyclin A, and Rad51
in serum-starved MEFs homozygous for the targeted deletion of exon 11. Cells were starved as described in Materials and Methods. Cells
stimulated to reenter the cell cycle by refeeding were harvested at the time points indicated. Cell extracts were prepared as described in Materials

and Methods, and 10 pg of lysate was loaded per lane. Antibodies mAb1 and mAb2 revealed identical results in HC11

cells, whereas only mAbl

recognized a cell cycle-regulated band in Brea7*''"*"" MEFs (data not shown).

rine mammary epithelial cells. As shown in Fig. 2A, the mouse
Brcal protein, p210%™*! is undetectable in serum-starved cells
and becomes apparent when cells have progressed into the G,
phase of the cell cycle approximately 8 h following addition of
serum-containing media. Parallel experiments performed on
Breal*'V*!! fibroblasts demonstrated that the cell cycle-de-
pendent expression pattern of p92P™*! closely mimics that of
p210°7*!. Moreover, the temporal profile of p92"<! and
p21087*! expression is similar to that of Rad51 and cyclin A,
but contrasts with that of Rad50, which is expressed at rela-
tively constant levels throughout the cell cycle.

Phosphorylation of p92®™*! is not detected in response to
DNA damage. The phosphorylation of human p220PRCA! fo-
lowing treatment of cells with DNA-damaging agents was an
early indication that human BRCAL is involved in a DNA
damage response pathway. Similarly, immunoblotting analysis
of lysates generated from HC11 cells 1 h following treatment
with UV, gamma radiation, or HU revealed a dose-dependent
shift in the migration of full-length murine Brecal by SDS-
PAGE (Fig. 3A, top panel). A complete shift of p210Pre!
similar to that described for human BRCAI occurred in cells
treated with 50 Gy.

[**PJorthophosphate labeling of HC11 cells following treat-
ment with 5 Gy demonstrated an increase in p210"**! Jabeling
consistent with the supposition that, similar to human BRCAL1,
the observed mobility shift is due to phosphorylation (Fig. 3B,
top panel). Exposure of cells to [**Plorthophosphate has pre-
viously been shown to cause an increase in phosphorylation of
human BRCA1 (55). Therefore, the basal levels of phosphor-
ylation observed in unirradiated HC11 cells may be duc cither
to the activation of a DNA damage response pathway by *2p
itself or to cell cycle-dependent phosphorylation of Breal. Sig-
nificantly, a shift in p92"**! was not observed in response to
identical treatments with DNA-damaging agents, suggesting
that this isoform may not be phosphorylated under these con-

ditions (Fig. 3A, bottom panel). This possibility was confirmed
by [**Plorthophosphate-labcling experiments in which in-
creascd phosphorylation of p92%7*' was not detected following
treatment of cells with 20 to 50 Gy (Fig. 3B, bottom panel, and
data not shown).

Since the inability to detect a change in the phosphorylation
status of p92"™*! following DNA damage could be due to
altered kinasc signaling in Breal*''"*!! fibroblasts rather than
to propertics specific to p92"™*!, a p92Br! expression vector
was transiently transfected into HCI1 cells to determine
whether a shift in p92®““! could be detected. Although a shift
in p210%™*" was detected in response to treatment with DNA-
damaging agents, a shift in p92%7*! in the same cells was not
detected (Fig. 3C). These findings suggest that the inability to
detect p92 phosphorylation in Breal>'"*"!" fibroblasts in re-
sponsc to DNA damage is likely to be intrinsic to this exon
I1-deleted isoform.

Murine p210®7*" and p92"<*! Jocalize to nuclear foci. In
order to determine if the lack of phosphorylation of p92Bra! is
duc to aberrant subcellular localization, biochemical fraction-
ation of cxponentially growing Brcal®'"*!! fibroblasts was
performed and nuclear and cytoplasmic fractions were ana-
lyzed by immunoblot analysis. To confirm the purity of these
fractions, blots were probed with antisera specific for either
B-tubulin or RADS0 as controls for cytoplasmic or nuclear
proteins, respectively. Surprisingly, these studies revealed that
p92""*! was present in the nuclear fraction (Fig. 4A). In order
to confirm these results and to establish the subnuclear local-
ization of p210”*" and p92®™*!, immunofluorescence analysis
(IF) was performed (Fig. 4C) since localization to nuclear foci
during S phase is a cardinal feature of human BRCAL (48).
Four independent antisera (mAb1-mAb4) raised against mu-
rinc Breal revealed that p210%™*! ocalizes to nuclear foci
during S phasc in both mammary epithelial cell and wild-type
MEFs. Strikingly, when similar experiments were performed
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on Brcal®'VA'! fibroblasts using antisera directed against
epitopes outside of exon 11, distinct nuclear foci that were
indistinguishable from those observed in HC11 mammary ep-
ithelial cells and wild-type MEFs were observed (Fig. 4C).
Since Brcal*'*'' MEFs do not express p210°', we rea-
soned that any specific signal would be due to p925™*!. Con-
sistent with this supposition, nuclear foci were not detected
following IF using the exon 1l-specific antisera mAb2 and
mADb3. Notably, no signal was observed in the cytoplasm of
HC11, wild-type MEFs, or Brcal®'"/*'! MEFs using any of the
above antisera.

Association of Rad51 with p9257*! and Rad51 focus forma-
tion are compromised in Breal*'A!! cells. The exon 11 region
of human BRCAL1 protein has been shown to be required for
binding to RADS51. This observation suggested the possibility
that p925<! may not associate with Rad51 in Breal®''/A!
cells. To address this question, p925"**! was immunoprecipi-
tated from extracts of Brcal®'V*"" MEFs and analyzed by
Western blotting with Rad51. Immunoblotting analysis re-
vealed that Rad51 was detected in extracts derived from HC11
cells in which mAb1, mAb3, or mAb4 had been used to im-
munoprecipitate p2108™*! (Fig. 5). In contrast, Rad51 was not
detected in extracts derived from Brcal®'/A!'' MEFs that had
been subjected to immunoprecipitation with the same anti-
Brcal antisera. In reciprocal coimmunoprecipitation experi-
ments, p210®™*! was detected in HC11 extracts immunopre-
cipitated with Rad51 antisera. However, it was not possible to
determine if p925*! was present in Rad51 immunoprecipi-
tates due to the presence of a cross-reacting band that comi-
grated with p92B™*! (data not shown).

Rad51 has been shown to localize to subnuclear foci follow-

ing treatment of cells with agents that induce double-stranded
breaks (42). The apparent lack of association of p925™! with
Rad51 prompted us to examine Rad51 focus formation in
wild-type and Brcal*'VA"! MEFs. At 1, 3, and 6 h following
irradiation with 10 Gy, Rad51 focus formation was assessed in
cycling wild-type and Brcal*'/2'* MEFs by IF (Fig. 6). At 1 h,
an average of 25 Rad51 foci were detected in wild-type cells
treated with 10 Gy, whereas an average of only 6 foci per cell
were detected following similar treatment in Breal®'2!! cells
(Fig. 6B). In order to determine if Rad51 focus formation in
Brcal®'VA!" MEFs was simply delayed rather than deficient,
foci were also assessed 3 and 6 h following irradiation. The
numbers of Rad51 foci in wild-type cells increased to 44 and 40
per cell at 3 and 6 h postirradiation, respectively, whereas
Breal®'"'! MEFs averaged only 8 and 7 foci, respectively, at
these same time points. Furthermore, impaired Rad51 forma-
tion was not due to decreased levels of Rad51 in Breal®!V/A!!
MEFs, as demonstrated by Western analysis of extracts from
cells that had been treated in a manner identical to that used
for immunofluorescence (Fig. 6C). Notably, the absence of
p210B™*! does not affect the previously demonstrated S phase-
dependent expression of Rad51, suggesting that the inability to
form foci is not due to aberrant cell cycle expression of Rad51
in Brcal*'"!'" cells (Fig. 2B) (19, 53, 62). As a control, the
number of Brcal foci was determined in wild-type and
Brcal®'VA"! MEFs. This analysis revealed no significant dif-
ferences in the numbers of Brcal foci present in wild-type
versus Brcal®!'A"! MEFs at 1, 3, or 6 h following irradiation
with 10 Gy (Fig. 7). In aggregate, these data suggest that
p9257*! has a diminished ability to associate with Rad51 and
that Rad51 focus formation is impaired in Breal®'/2!* MEFs.
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Immunofluorescence analysis of Breal subcellular localization. HCI1 cells. wild-type MEFs, and Breal*'V*!'" MEFs were grown on microscope
slides as described in Materials and Methods. Following permeabilization, S phase cells were incubated with affinity-purified Breal antibodies at
a concentration of 1 pg/ml.

DISCUSSION

While human BRCAT1 has been extensively characterized,
little is currently known about its murine counterpart. In fact,

interactions of the mouse and human Brcal proteins are con-
served. Similar to its human ortholog, mouse Breal is cell cycle
regulated and localizes to nuclear foci during S phase. In ad-

the mouse Breal protein shares only 58% scquence identity to
human BRCALI, a finding that has contributed to the sugges-
tion that these proteins may have different functions (1, 8). In
this report. we characterize mouse Brcal proteins and demon-
strate that multiple features of the regulation, localization. and

dition, mouse Brcal is phosphorylated in a dose-dependent
manner in responsc to genotoxic agents suggesting that in
human and murine cells there exists a similar kinase(s) that is
upstream of Breal in a DNA damage response pathway. Like
human BRCAI, murine Breal also forms a complex with
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Rad51 consistent with experiments demonstrating that mouse
Brcal functions in the repair of double-stranded breaks by
homologous recombination (37). In aggregate, these data fur-
ther validate the use of mouse models to study BRCA1 func-
tion in human cells.

We have analyzed the expression of a naturally occurring
Brecal isoform in fibroblasts derived from mouse embryos in
which the exon 11 region of Brcal has been specifically de-
leted. Strikingly, we have found that p92°7*! is localized to
nuclear foci. This finding is consistent with our biochemical
fractionation studies revealing that endogenous p92P™*! is
present in the nucleus, as well as with previous findings that in
human cells anti-BRCA1 antibodies do not appear to detect
cytoplasmic BRCA1 staining, despite the fact that p97®RA
and p110P*“*! would otherwise be expected to be found in the
cytoplasm. Our finding that exon 11-deleted isoforms of Brcal
are also present in the nucleus raises for the first time the
possibility that this isoform may partially compensate for mu-
tations affecting Brcal and may possess additional nuclear
functions that are as of yet unrecognized.

Notably, our findings contrast with the cytoplasmic localiza-
tion previously reported for human p97°R<A" and p110BR<A!,
each of which lacks the nuclear localization sequences report-
edly required for nuclear transport of p220BR<4! (54). Never-

IMPAIRED Rad51 RESPONSE IN Brcal®'V41* MEFS 4011

theless, the reported partial nuclear localization of human
pl10BRCA! suggests that sequences other than the canonical
BRCAI nuclear localization sequences can be utilized for
transport into the nucleus or that exon 11-deleted isoforms of
BRCALI can be transported to the nucleus via binding to other
nuclear proteins (15, 25, 36). Such cryptic nuclear localization
sequences may also be responsible for the nuclear localization
of p928ral, Alternatively, the difference in localization be-
tween the mouse and human isoforms may be due to cell
type-specific differences, to species-specific differences, or to
the nature of the assays employed for these studies. We favor
the last hypothesis. Whereas studies in human cells deter-
mined the subcellular localization of exogenously expressed
p97BRCAL and p110PRCA! using transient transfection assays,
we have determined the localization of the endogenous Breal
proteins. In this regard, previous reports have shown that the
high levels of expression characteristic of transient transfection
experiments may lead to mislocalization of BRCAL to the
cytoplasm (58). Nevertheless, we cannot rule out the possibil-
ities that p92®™*! may localize to the cytoplasm in cell types
other than those examined here or that human and mouse
exon 11-deleted isoforms may localize differently.

Significantly, p210%7#! displays a mobility shift indicative
of phosphorylation in response to DNA damage, whereas
p92B 2! does not. Consistent with this, **P-labeling experi-
ments failed to reveal a significant increase in phosphate in-
corporation in p92P*! in response to gamma irradiation, sug-
gesting that the inability to detect a shift is not due to a
conformation of p92B™*! that precludes altered mobility by
SDS-PAGE. Diminished phosphorylation is also not due to
defects in the activities of kinases that converge on Brcal since
a DNA damage-induced mobility shift in p92® ! is not de-
tected in HC11 cells in which p210%™#! does undergo a shift.
Several kinases involved in cell cycle checkpoint control includ-
ing ATM, Cdsl, and ATR have been demonstrated to phos-
phorylate human BRCAL in vivo in response to DNA-damag-
ing agents (12, 16, 29, 56). The observation that a putative
Cds1 phosphorylation site present in mouse Brcal is located
within exon 11 suggests that p92%™*! may not be a target of
Cdsl. Moreover, a shift in the mobility of Cdsl protein by
SDS-PAGE, which has been shown to correlate with kinase
activation, occurs in both wild-type MEFs and Brcal*'/A!
MEFs following irradiation, suggesting that the absence of
p92°7@! phosphorylation is not the result of an inactive Cdsl
kinase (data not shown) (6, 9, 34). In addition to an impaired
response to gamma irradiation, we were not able to detect a
shift in p92®7“2! in response to HU or UV. Putative phosphor-
ylation sites for ATR and ATM are present within exon 11 of
Brcal and may explain, in part, the inability to detect phos-
phorylation of p92B ! Alternatively, ATM or ATR phos-
phorylation of Breal in response to DNA damage could be
dependent on initial phosphorylation of serine 988 by Cdsl or
the exon 11 region of Brcal may be required for binding to
these kinases which may in turn be required for Brcal phos-
phorylation (12).

Our inability to detect a stable association between p9
and Rad51 in Breal®'VA'! MEFs is consistent with results
demonstrating that RADS51 binds to the exon 11 region of
human BRCA1 (49). We now provide evidence that this inter-
action may be required for the efficient formation of Rad51

2Brca1
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FIG. 6. Impaired Rad51 foci formation in Brea/*!"*"" MEFs. (A) Representative RadS1 immunostained nuclei from wild-type and
Breal*'"*'" MEFs 3 h following irradiation with 10 Gy. Cclls were prepared for immunofluorescence using Rad51 antibody Ab-1 as described in
Materials and Methods. Foci counts were obtained by visual inspection of 50 nuclei. (B) Graph depicting numbers of foci per nucleus following

irradiation with 10 Gy at Th (Pvalue = 9.1 X 10 V). 3h (Pvalue = 83 % 10 "), and 6 h (Pvalue = 1.5 X 10 *).(C) Rad51 levels do not change
in response to irradiation in wild-type and Brea ' 2" MEFs. At the time points indicated following irradiation with 10 Gy, extracts were prepared
and analyzed by immunoblotting as described in Materials and Methods.

foci in response to gamma irradiation. a finding that is consis-
tent with evidence that Rad51 foci are reduced in embryonic
stem cells harboring a similar Brcal mutation (5). These data
suggest that the inability to localize Rad531 may compromise
the capacity of these cells to repair double-stranded breaks.
thereby contributing to the defective Go/M checkpoint ob-
served in response to ionizing radiation in thesc cells (61). In
human cells. the relocalization of RADS1 foci to sites of DNA
damage has been shown to foliow the formation of BRCAI
foci (41). Our results suggest that in spite of the presence of
p92" <! faci in Breal*'"*'" MEFs. Rad51 focus formation is
impaired. suggesting that the exon 11 region is required for

proper recruitment of RadS1. Nevertheless, while we have
confirmed the previously reported association between
p210™ " and Rad51, this interaction is nonstoichiometric and
requires a substantial amount of extract to visualize. This is
consistent with the observation that the interaction of human
BRCAI with RADS1 is indirect (49). In this regard, the dem-
onstration that BRG-1, a component of the SWI/SNF complex,
interacts dircctly with human BRCAL1 through the exon 11
region is intriguing in that it suggests a mode! in which the
chromatin-remodeling function of BRCA1 may be associated
with its ability to mediate the proper assembly of RADS1 (7).

Despite the shared properties of p210%7*! and p92Pre«!,




VoL. 21, 2001

1hr

3br

6 hr

IMPAIRED Rad51 RESPONSE IN Breql2!VA1l MEFS 4013

All/A1L
Brcal

Foci Number

WT All
1hr

WT All

WT All
3hr 6 hr

FIG. 7. Brcal Foci are present in irradiated Brcal*'V/A!" MEFs. (A) Representative nuclei immunostained with mAb]1. Cells were prepared for
immunofiuorescence as described in Materials and Methods. Foci counts were obtained by visual inspection of 10 to 15 nuclei. (B) Graph depicting
numbers of foci per nucleus following irradiation with 10 Gy at 1 h (P value = 0.54), 3 h (P value = 0.55), and 6 h (P value = 0.24).

which suggest that exon 11-deleted isoforms may have nuclear
functions, mouse knockout models clearly indicate that signif-
icant functional differences exist between full-length and exon
11-deleted isoforms of Brcal. Foremost, mice engineered to
express only p9257! are not viable, and embryonic cells de-
rived from these mice demonstrate hypersensitivity to gamma
irradiation, defective G,-M checkpoint function, centrosome
amplification, and genomic instability (20, 52, 61). Moreover,
cre-mediated excision of exon 11 of Brcal in epithelial cells of
the murine mammary gland leads to abnormal ductal morpho-
genesis and tumor formation (60). These experiments demon-
strate that the exon 11 region is critical for normal Brcal
function. In this context, our data suggest that the inability
of p925a! to provide G,-M checkpoint function, maintain

genomic stability, and suppress tumorigenesis is not due to an
inability of p925™*! to be transported to the nucleus, to local-
ize to nuclear foci, or to be cell cycle regulated but rather may
be related to the inability of p92P™?! to associate with Rad51
or other proteins such as BRG-1 and Rad50 (66). As such, our
data suggesting that p92%™*! is not phosphorylated in response
to DNA damage imply that the signal transduction pathways
activated by the replication checkpoint and by lesions caused
by UV irradiation do not converge on the p92%™*! protein.
Accordingly, deletion of exon 11 of BRCAL1 appears to impair
its DNA damage-dependent phosphorylation, which may in
turn affect the localization to nuclear foci or the function of
BRCAIl-interacting proteins such as BARD1, BRCAZ2, or the
RAD50/MRE11/NBS complex.
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The naturally occurring expression of p92"*' during mu-
rine embryogenesis and in adult tissues suggests that exon
H-deleted isoforms may function in a variety of tissucs. More-
over, in spite of a defect in gamma irradiation-induced Rads1
focus formation in cells lacking full-length Breal, analysis of
Breal*'"*'! embryos suggests that p92"™*! partially compen-
sates for the lack of full-length Breal during murine embryo-
genesis. The most striking evidence for this conclusion is the
postnatal survival of targeted mouse lines in which only the
p92°7*! protein is predicted to be expressed (17). Presumably
this is due to interactions outside the exon 11 region. In this
regard, several proteins including BARDI, CUP, and BAP
have been shown to interact with human BRCAI through the
amino- and carboxyl-terminal regions of the protein (27, 30, 59,
63). In addition to these functions, however. it is interesting to
speculate that p92%*! may also have functions that are dis-
tinct from those of p210P <!,
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